INTRODUCTION
Atherosclerosis and diabetes are tightly intertwined disorders linked by extensive epidemiological and clinical data [1] . Accordingly, cardiovascular incidents as a consequence of atherosclerosis are significantly increased in diabetic patients. Oxidative modification of LDL (low-density lipoprotein) is considered to play a major role in the initiation and progression of atherosclerotic plaques [2] and accumulating evidence suggests that increased plasma oxLDL (oxidized LDL) concentrations are likewise associated with the pathogenesis of the metabolic syndrome [3, 4] . oxLDL increases the generation of oxidative stress in various insulin-sensitive tissues by increasing the production of intracellular ROS (reactive oxygen species) and lipid peroxidation products, resulting in the activation of numerous signalling kinases and enhancement of DNA-binding activities of transcription factors such as NF-κB (nuclear factor κB) [5] [6] [7] .
The binding of insulin to the IR (insulin receptor) induces the phosphorylation of several interacting proteins such as IRS-1 (IR substrate-1). IRS-1 contains a number of potential phosphorylation sites that are targeted in response to different signals that modulate its activity. In response to insulin, IRS-1 is typically phosphorylated on specific phosphotyrosine-binding domains, which can couple IRS-1 to activated IR, and recruit signal transducers. Conversely, serine phosphorylation of IRS-1, in particular at Ser 307 in mice, has been shown to play a major role in the desensitization of insulin action and is postulated to represent a unifying mechanistic link among numerous factors involved in the establishment of insulin resistance, including inflammatory and ROS-mediated processes [8, 9] . PON2 (paraoxonase 2) is an enzyme with undefined antioxidant properties and PON2 deficiency in C57BL/6J and hyperlipidaemic apoE (apolipoprotein E) − / − mice significantly increases susceptibility towards development of atherosclerosis [10, 11] . Although its mechanism of action is unclear, PON2 has recently been shown to localize to the inner mitochondrial membrane where it influences electron transport chain function and protects against oxidative stress [11, 12] . PON2 is predominantly expressed in vascular cells, and increased levels of ROS and altered functional properties are associated with macrophages obtained from PON2-def (PON2-deficient) mice [10, 13] . Ex vivo, these macrophages directly oxidize LDL to a greater extent than control macrophages. Accordingly, LDL obtained from PON2-def and PON2-def/apoE − / − mice is associated with significantly increased lipid peroxidation content and inflammatory properties [10, 11] .
The liver is the primary site of lipid metabolism and a major site for insulin-mediated glucose uptake, production and storage [14, 15] . Despite impaired lipoprotein function, administration of an atherogenic diet to PON2-def mice elicits a significant improvement in the serum cholesterol profile. Although the mechanism is unclear, decreased secretion of apoB (apolipoprotein B) was associated with significantly elevated Abbreviations used: apoB, apolipoprotein B; apoE, apolipoprotein E; C12, 3-oxo-C 12 -HSL; CM, conditioned medium; DCF, 2 ,7 -dichlorofluorescein; GTT, glucose tolerance test; HDL, high-density lipoprotein; HSL, homoserine lactone; IL-1β, interleukin-1β; IR, insulin receptor; IRS-1, IR substrate-1; ITT, insulin tolerance test; LDL, low-density lipoprotein; LPS, lipopolysaccharide; LysM, lysozyme M; NEFA, non-esterified fatty acid; NF-κB, nuclear factor κB; NOS, NO synthase; iNOS, inducible NOS; oxLDL, oxidized LDL; PON2, paraoxonase 2; PON2-def, PON2-deficient; ROS, reactive oxygen species; TNFα, tumour necrosis factor α; VLDL, very-LDL. 1 Present address: Mesa Verde Venture Partners, San Diego, CA 92101, U.S.A. 2 To whom correspondence should be addressed (email sreddy@mednet.ucla.edu).
oxidative stress levels in the livers of PON2-def mice. Presently, it remains to be elucidated whether hepatic insulin signalling is correspondingly altered in PON2-def mice.
In the present study, we demonstrate decreased insulinmediated Tyr 895 phosphorylation associated with significant inhibitory Ser 307 phosphorylation of IRS-1 in the livers of PON2-def mice. In contrast, we observed a striking improvement in the liver IRS-1 phosphorylation state in PON2-def/apoE − / − mice, despite a comparable increase in oxidative stress levels and susceptibility towards atherosclerosis. We exploited this disparity in order to gain insight into the physiological role contributed by PON2 in atherosclerosis and insulin signalling, and observed that factors secreted from activated macrophages from PON2-def mice were sufficient to modulate insulin signalling in cultured hepatocytes, consistent with that observed in vivo and associated with distinct changes in the pro-inflammatory response. The direct inhibitory role contributed by macrophages from PON2-def mice on hepatic insulin signalling was demonstrated further by restoring macrophage PON2 expression in PON2-def/apoE − / − mice. In summary, results from the present study: (i) implicate a role for PON2 in liver insulin signalling; (ii) underscore the physiological significance of PON2 on macrophage activation in the context of both atherosclerosis and hepatic insulin signalling; and (iii) provide evidence for a novel physiological association between PON2 and apoE.
MATERIALS AND METHODS

Mice and diets
The Animal Research Committee at UCLA approved all procedures used in the present study. Generation of PON2-def C57BL/6J mice has been described previously [10, 11] . Mice were maintained on a 6 % fat chow diet after weaning. At 6 weeks of age, female mice (n = 9-10) were placed on the atherogenic diet consisting of 15.8 % fat, 1.25 % cholesterol and 0.5 % cholate (TD90221; Harlan Teklad), a Western diet consisting of 42 % fat and 0.15 % cholesterol (TD88137; Harlan Teklad) or a standard chow diet for an additional 15 weeks. Although development of atherosclerosis in apoE − / − mice is spontaneous and exacerbated further by a high-fat Western diet, a high-fat cholate-containing atherogenic diet is required to provoke atherosclerotic lesion development on the C57BL/6J background. The gene-trap vector described previously for the generation of PON2-def mice was inserted within intron 2 and flanked by loxP sites [10] . LysM (Lysozyme M) Cre apoE − / − mice, generously provided by Dr Yibin Wang (Department of Anesthesiology, UCLA, Los Angeles, CA, U.S.A.), were crossed with PON2-def/apoE − / − mice to obtain PON2-def/LysMCre/apoE − / − mice.
Plasma lipoprotein measurements
Mice were starved for 12 h prior to retro-orbital bleeding under anaesthesia using isofluorane. Total plasma cholesterol, HDL (high-density lipoprotein)-cholesterol and total plasma triacylglycerol (triglyceride) concentrations were determined by enzymatic procedures described previously by Hedrick et al. [16] . Assessment of plasma lipoprotein levels was determined at the time of killing at the end of the diet treatment for all conditions.
Glucose and insulin tolerance tests (GTTs and ITTs)
GTTs and ITTs were performed following overnight starving as described previously [17] . Briefly, mice received an intraperitoneal glucose injection of 1 g/kg of body weight for glucose tolerance testing, and an intraperitoneal injection of human recombinant insulin (Eli Lilly) at a dose of 0.75 unit/kg of body weight for insulin tolerance testing. Tail vein blood (5-10 μl) was assayed for glucose at the indicated time points.
LPS (lipopolysaccharide)-induced cytokine production
Mice (n = 8) were given an intraperitoneal injection of LPS (5 mg/kg of body weight) derived from Escherichia coli (Sigma). Serum was collected 2 h after injection for determination of TNFα (tumour necrosis factor α) content by commercial ELISA (Invitrogen), and mice were killed at 24 h for tissue collection. Ex vivo studies were performed by injecting thioglycollate solution into the peritoneal cavity in order to elicit the infiltration and accumulation of macrophages, as described previously [10] , and subsequently treating cells with 0.1 μg/ml LPS for 2 or 24 h in complete medium containing 0.5 % FBS (fetal bovine serum). In some experiments, macrophages were treated overnight with 10 μM uric acid, an ONOO − (peroxynitrite) scavenger that does not inhibit NOS (NO synthase) enzymatic activity prior to LPS treatment.
Cellular ROS and nitrite production
A DCF (2 ,7 -dichlorofluorescein) assay was used to quantify intracellular oxidative stress as described previously [10] . Briefly, cells were plated on to 96-well plates (7 × 10 4 cells/well) and loaded with 100 μM DCF (Invitrogen) for 1 h at 37
• C. Cells were subsequently washed with Krebs-Ringer buffer and treated with 0.1 μg/ml LPS. Fluorescence was measured at the indicated time using a fluorescence microplate reader (Molecular Devices) with an excitation filter of 485 nm and an emission filter at 530 nm. The sum of both nitrite and nitrate in the culture medium was used as an index of total NO production and was determined using a colorimetric assay kit (Cayman).
Immunoblot analyses
For evaluation of insulin signalling ex vivo, peritoneal macrophages were treated with 0.1 μg/ml LPS for 3 h, cells were washed, incubated for an additional 18 h in LPS-free medium and CM (conditioned medium) was collected. The mouse hepatocyte cell line FL83B (A.T.C.C.) was treated with CM for 18 h and subsequently treated with insulin (Sigma) for 10 min. For evaluation of hepatic insulin signalling, starved mice were intravenously injected with either saline or insulin (3.8 units/kg of body weight); 90 s later, mice were killed, and the liver was removed and immediately homogenized. Western blots were performed as described previously [10] . The membranes were incubated with the appropriate dilution of commercially available antibodies (Cell Signaling) to determine the protein expression of IRS-1 [anti-phopho-IRS-1 (Ser 307 ) and anti-phospho-IRS-1 (Tyr 895 )]. For dot blot analyses, cell protein lysates and appropriately diluted serum were spotted on to a nitrocellulose membrane, blocked in 5 % milk for 2 h, incubated with primary antibody (1:2500 dilution; Abcam) for an additional 2 h and subsequently incubated with the appropriate HRP (horseradish peroxidase)-conjugated secondary antibody (1:10 000 dilution; GE Healthcare) for 1 h. Nitrated albumin and treatment of isolated peritoneal macrophages with SIN-1 (3-morpholinosydnonimine), an ONOO − donor, was used to demonstrate the specificity of the anti-nitrotyrosine antibody (Supplementary Figure S1 at http://www.BiochemJ.org/bj/436/bj4360091add.htm). 
HSL (homoserine lactone) inactivation bioassay
A portion (4 μg) of crude membrane extracts prepared from isolated peritoneal macrophages was incubated with 10 μM C12 (3-oxo-C 12 -HSL) in a 50 μl volume of 25 mM Tris/HCl (pH 7.4) and 1 mM CaCl 2 at room temperature (25 • C). Reactions were stopped with an equal volume of acetonitrile, and 5 μl was used to measure C12 by quantitative bioassay using E. coli MG4 (pKDT17) as described previously [10] .
Statistical analysis
Results are means + − S.D. A two-tailed Student's t test was employed to determine statistically significant differences in group means. A P value of less than 0.05 was considered statistically significant.
RESULTS
PON2 deficiency promotes inhibitory serine phosphorylation of liver IRS-1
Phosphorylation of IRS-1 at Ser 307 is known to inhibit insulin signal transduction in insulin-sensitive tissues in response to a number of stimuli, including oxidative stress. We therefore assessed insulin-stimulated liver IRS-1 phosphorylation in order to evaluate the influence of increased liver oxidative stress characteristic of PON2-def mice. Injection of insulin led to a marked increase in serine phosphorylation of IRS-1 in livers isolated from PON2-def mice, with a corresponding decrease in tyrosine phosphorylation ( Figure 1A ).
PON2-def mice were subjected to GTTs and ITTs to determine whether further influence on peripheral insulin sensitivity is consequently impaired. Blood glucose levels were significantly higher in PON2-def mice throughout the GTT when compared with control mice. PON2-def mice also exhibited impaired responses to insulin during the ITT ( Figure 1B) . Similar results were obtained in PON2-def mice fed on an atherogenic diet ( Figure 1C ), shown previously to develop increased atherosclerosis [10] . Although these data support the observed decrease in hepatic insulin signalling, the ITT is a relatively crude technique for assessment of insulin-stimulated glucose disposal and no significant differences in starving glucose or insulin levels on either the standard or atherogenic diet was observed (Table 1) .
Metabolic parameters in PON2-def mice
Elevated serum NEFA (non-esterified fatty acid) and lipid content are associated with impaired insulin signalling in peripheral insulin-responsive tissues [18, 19] . Despite a previously described improvement in the cholesterol profile on the atherogenic diet [10] , we report that PON2-def mice maintained on the standard chow diet developed an approximate 2-fold increase in serum triacylglycerol levels with a significant increase in serum VLDL (very-LDL)/LDL-cholesterol levels (Table 1) . This worsened lipid profile, a characteristic of the metabolic syndrome, was not associated with any differences in serum NEFA levels on either diet (Table 1) .
Improved liver IRS-1 phosphorylation in PON2-def/apoE − / − mice
We recently reported an increase in the development of atherosclerosis in PON2-def mice crossed on to the hyperlipidaemic apoE − / − background when compared with apoE − / − mice [10, 11] . Consistent with previous observations made in PON2-def mice, the increased atherosclerosis in PON2-def/apoE − / − was correlated with increased oxidative modification and bioactivity of LDL [11] . We assessed insulin stimulated IRS-1 phosphorylation in order to further complement and characterize the association between increased atherosclerosis susceptibility and impaired insulin signalling in PON2-def mice. Unexpectedly, PON2 deficiency did not worsen but markedly reduced serine phosphorylation and increased tyrosine phosphorylation of IRS-1 in livers of PON2-def/apoE − / − mice ( Figure 2A ). Moreover, this was associated with a concomitant improvement in both GTT and ITT in mice fed on the standard ( Figure 2B ) and Western ( Figure 2C ) diets. Similar to results obtained on the C57BL/6J background, no change in starving glucose or insulin levels were observed on either of the administered diets on the apoE − / − background ( Table 2) . Despite increased hepatic insulin signalling in PON2-def/apoE − / − mice, the results presented in Table 2 show a dietdependent influence on serum metabolic parameters analogous to that observed in PON2-def mice. That is, we observed a worsened lipid and cholesterol profile when maintained on the standard chow diet that improved upon switching on to the high-fat Western diet, in comparison with apoE − / − mice. The mechanism contributing to the diet-influenced affect on lipid metabolism is presently unknown but, taken together, these data suggested that impaired liver insulin signalling is not directly contributed to by serum lipid or NEFA concentrations in the PON2-def mouse model.
Macrophages from PON2-def mice directly influence insulin action in hepatocytes
PON2 is highly expressed in macrophages [20] and inflammatory activation of resident macrophages is shown to potentiate insulin signalling in metabolic tissues [21] . We therefore directly tested the effect of macrophage PON2 deficiency on hepatic insulin action in vitro. Insulin sensitivity of the FL83B mouse hepatocyte cell line was assessed following treatment with CM obtained from activated peritoneal macrophages from wild-type control or PON2-def mice. PON2-def CM increased inhibitory serine phosphorylation of IRS-1 to a much greater extent than control CM, in a manner consistent with results observed in vivo ( Figure 3A) . Conversely, phosphorylation of IRS-1 at Ser 307 was correspondingly decreased in hepatocytes treated with CM obtained from activated peritoneal macrophages from PON2-def/apoE − / − mice, relative to control macrophages from apoE − / − mice ( Figure 3B ). Serine phosphorylation of IRS-1 was not observed in hepatocytes treated with CM obtained from untreated macrophages. These results implicate a fundamental role played by PON2 at the level of macrophage function in the modulation of insulin signalling.
Altered macrophage pro-inflammatory response
Inhibitory Ser 307 phosphorylation of IRS-1 can be mediated by a number of overlapping stimuli, including inflammatory cytokines such as TNFα, NEFAs and oxidative stress. We have shown previously that PON2 deficiency increases the level of oxidative stress in macrophages from both the apoE + / + and apoE − / − backgrounds [10, 11] . To investigate the mechanism by which macrophages from PON2-def influence insulinstimulated IRS-1 phosphorylation, we treated isolated peritoneal macrophages from PON2-def mice maintained on a standard chow diet with LPS (0.1 μg/ml) for the indicated time. Consistent with previous findings, ROS production was elevated in PON2-def mice on both genetic backgrounds ( Figure 3C ). Similar results were obtained following treatment with H 2 O 2 or high glucose (results not shown). Using the same cell preparations, we further assessed cytokine gene expression levels. As reported previously [10] , LPS elicited an increased level of expression of TNFα and IL-1β (interleukin-1β) in macrophages from PON2-def mice ( Figure 3D ). However, the increased production of ROS exhibited in macrophages from PON2-def/apoE − / − mice was accompanied by a significantly reduced expression of TNFα and IL-1β ( Figure 3D ). Both cytokines are products of LPS-mediated activation of the NF-κB pathway and a similar expression profile was observed for p65 and IκBα (inhibitory κBα), an NF-κB subunit and inhibitor respectively. Analogous results were obtained in vivo following intraperitoneal administration of LPS (Supplementary Figure S2 at http://www.BiochemJ.org/bj/436/bj4360091add.htm).
Restoring macrophage PON2 expression in vivo is sufficient to modulate hepatic insulin signalling
To confirm the assertion that macrophages are directly modulating hepatic insulin signalling in vivo, we generated PON2-def/LysMCre/apoE − / − mice with partially restored macrophage PON2 expression. Briefly, we used the loxP-Cre system to excise the loxP-flanked gene-trap vector inserted within PON2 by expressing Cre recombinase under the control of the wellcharacterized mouse LysM gene regulatory region. Assessment of isolated peritoneal macrophages showed expression levels of approximately 60 % that of controls (mRNA and protein) and almost 80 % restored lactonase activity (Supplementary Figure  S3 at http://www.BiochemJ.org/bj/436/bj4360091add.htm). Figure 4(A) shows that restoring macrophage PON2 expression reduced intracellular ROS production but significantly increased TNFα expression levels. Despite improved oxidative stress levels, CM obtained from PON2-def/LysMCre/apoE − / − -derived macrophages elicited significant phosphorylation of IRS-1 at Ser 307 , relative to macrophages obtained from PON2-def/apoE − / − mice ( Figure 4B ). Administration of insulin in vivo resulted in a dramatic increase in the phosphorylation of hepatic IRS-1 at Ser 307 with decreased tyrosine phosphorylation ( Figure 4C ).
Assessment of NO and ONOO − levels
Oxidative stress and inflammation are co-ordinately regulated and play a fundamental role in the pathogenesis of atherosclerosis and insulin resistance. Therefore we sought to examine the mechanism accounting for the uncoupling of pro-inflammatory cytokine production from elevated cellular oxidative stress in PON2-def/apoE − / − mice. Evidence suggests that a balance subsists between the production of NO and the formation of the nitrating agent ONOO − , which have a profound influence on resolving or prolonging the inflammatory response respectively [22] .
Alongside a 2.5-fold increase in the expression of iNOS (inducible NOS), a target of NF-κB pathway activation, in peritoneal macrophages from PON2-def mice treated with LPS (0.1 μg/ml), we observed a relative increase in nitrite accumulation (an indicator of NO synthesis) and a corresponding increase in macrophage protein nitrotyrosylation (a marker of ONOO − formation) ( Figures 5A and 5B) . Interestingly, activated macrophages from PON2-def/apoE − / − mice exhibited a similar increase in nitrite concentrations, relative to apoE − / − controls, but with reduced expression of iNOS (1.7-fold) and decreased protein nitrotyrosylation ( Figures 5C and 5D) . Similar results were obtained using a direct ELISA approach (Supplementary Figure S4 at http://www.BiochemJ.org/bj/436/bj4360091add.htm). Serum obtained from mice fed on a standard chow diet exhibited a similar pattern of protein nitrotyrosylation ( Figure 5E ). To evaluate the influence of ONOO − on NF-κB pathway activation we treated macrophages with uric acid, an ONOO − scavenger that does not influence NO production [23] , prior to assessing LPS-mediated TNFα expression levels. Indeed, the results in Figure 5(F) demonstrate that the expression of TNFα in macrophages from PON2-def mice was sensitive to modulation of cellular ONOO − concentrations.
DISCUSSION
PON2 is an enzyme with undefined antioxidant properties that has been shown recently to localize within the inner mitochondrial membrane and associate with complex III in the electron transport chain [11] . PON2 deficiency in mice increases susceptibility to atherosclerosis and this has primarily been associated with significantly elevated levels of lipoprotein lipid peroxidation and pro-inflammatory properties [10, 11] . The significance and emphasis on lipoprotein function in PON2-def mice is underscored by an anti-atherogenic serum cholesterol profile in mice fed on an atherogenic diet. Although the mechanism remains unclear, increased oxidative stress levels in livers obtained from PON2-def mice have been associated with impaired secretion of apoB [10] .
The liver is not only the primary site of lipid metabolism, but is a major site for glucose uptake, production and storage. Its role in glucose metabolism is strongly influenced by systemic as well as local oxidative and inflammatory stimuli [24, 25] , which in turn influences whole-body insulin responsiveness [15]. Given the elevated oxidative stress levels and abnormal lipid metabolism reported previously in PON2-def and PON2-def/apoE − / − mice [10, 11] , we hypothesized that atherosclerosis may be accompanied by impaired hepatic insulin signalling. In the present study, we have demonstrated a marked reduction in insulin-mediated tyrosine phosphorylation of IRS-1 in the livers of PON2-def mice. Furthermore, this was associated with a marked increase in inhibitory phosphorylation of IRS-1 at Ser 307 . Overproduction of VLDL is a hallmark of dyslipidaemia associated with the metabolic syndrome, and lipid metabolism is shown to be directly influenced by hepatic insulin signalling [19] . We observed that impaired hepatic insulin signalling was directly associated with a severely worsened serum lipid and cholesterol profile in PON2-def mice maintained on a standard chow diet. This reveals a role for PON2 in lipid metabolism involving a previously unrecognized diet-dependent physiological mechanism.
Atherosclerosis and insulin resistance are multifactorial diseases that are commonly associated with dyslipidaemia, oxidative stress and chronic inflammation. We show that, despite a corresponding increase in atheroma formation, mitochondrial dysfunction, systemic oxidative stress and diet-influenced metabolic dyslipidaemia, hepatic insulin signalling is effectively improved in PON2-def/apoE − / − mice, relative to apoE
littermate controls. These results reveal a functional association between PON2 and apoE, and suggest that loss of hepatic insulin sensitivity contributed to by PON2 deficiency may share common elements with the development of atherosclerosis but manifest Peritoneal macrophages from PON2-def mice and littermate control were treated overnight with LPS (0.1 μg/ml) for determination of supernatant nitrite concentrations (A) and cellular nitrotyrosine content (B). Peritoneal macrophages from PON2-def/apoE − / − mice and littermate controls were treated overnight with LPS (0.1 μg/ml) for determination of supernatant nitrite concentrations (C) and cellular nitrotyrosine content (D). Protein nitrotyrosine levels were determined in vivo using serum from the indicated standard-diet-fed mice (E). Peritoneal macrophages obtained from PON2-def and littermate control mice were treated overnight with uric acid (10 μM) and TNFα expression levels were determined following a subsequent 2 h LPS (0.1 μg/ml) treatment (F). Values are means + − S.D. *P < 0.05. AU, arbitrary units.
independently. Given the striking similarities shared by the two mouse models used in the present study, we sought to identify the basis for this divergence in order to improve our insight regarding the physiological role of PON2 in these highly related diseases. We subsequently assessed macrophage function given their crucial influence on atherosclerosis and insulin signalling, and the expression and protective influence of both PON2 and apoE in this immune effector cell. In addition, macrophage-elicited inflammatory mediators are shown to modulate insulin signalling in the liver, where they account for over 5 % of the total cell population, in a manner analogous to their role in adipose tissue [25] . Primary macrophages isolated from PON2-def mice have been shown previously to be hyper-responsive to numerous agonists, producing comparatively increased levels of ROS and pro-inflammatory cytokines [10] . We demonstrate that factors secreted by activated macrophages from PON2-def mice are sufficient to independently modulate insulin signalling in cultured hepatocytes. Despite a corresponding increase in intracellular ROS production in PON2-def/apoE − / − -derived macrophages, we observed a significant decrease in pro-inflammatory cytokine expression, relative to apoE − / − . The liver is a vital insulinresponsive organ whose function is strongly affected by resident macrophages and inflammatory mediators, and we show that systemic administration of LPS influences the expression of proinflammatory cytokines in the livers of PON2-def mice consistent with observed changes in insulin signalling.
In order to directly address the role of PON2 on the macrophage inflammatory response and its influence on hepatic insulin signalling, we selectively re-introduced PON2 expression in macrophages in vivo. As an enzyme with antioxidant properties, this resulted in a significant decrease in the generation of ROS. However, CM obtained from cultures from PON2-def/LysMCre/apoE − / − mice induced a significant increase in the phosphorylation of IRS-1 at Ser 307 and this was likewise associated with a correspondingly elevated induction of TNFα. Administration of insulin to PON2-def/LysMCre/apoE − / − mice resulted in a similar inhibitory phosphorylation of hepatic IRS-1, strongly supporting the primary influence of proinflammatory mediators on hepatic insulin signalling in PON2-def mice.
NF-κB, a prototypic transcription factor in eukaryotic cells, plays a pivotal role in the transactivation of gene promoters involved in inflammation, immune responses and anti-apoptotic processes. Consequently, NF-κB activation is tightly regulated with aberrant activation highlighted as a key mediator of insulin resistance. ApoE can influence cell function by modulating cellular cholesterol metabolism, but also possesses a direct antioxidant role in macrophages which extends beyond the regulation of lipid transport and has been implicated in the production of NO [26, 27] . NO, an important endogenous signalling molecule, plays a dual role in redox regulation of NF-κB [22] : an anti-inflammatory action is attributed to its inhibition of NF-κB-mediated gene expression, whereas its proinflammatory action is attributed to its conversion into ONOO − , conversely prolonging NF-κB signalling. Results shown in the present study altogether demonstrate that NF-κB pathway activation in macrophages from PON2-def mice is co-ordinately regulated and sensitive to cellular concentrations of ONOO − . That is, although production of ROS is largely increased in macrophages from PON2-def/apoE − / − mice, we provide We show that factors secreted from activated macrophages from PON2-def mice are sufficient to modulate insulin signalling in hepatocytes by eliciting inhibitory serine phosphorylation (Ser-P) of IRS-1. Impaired insulin signalling in macrophages from PON2-def mice was associated with an increased production of ROS, NO, ONOO − and expression of pro-inflammatory cytokines (A). Despite a corresponding increase in intracellular ROS production in macrophages from PON2-def/apoE − / − mice, we observed a significant decrease in the expression of proinflammatory cytokines associated with reduced serine phosphorylation and improved tyrosine phosphorylation (Tyr-P) of hepatic IRS-1, relative to apoE − / − littermate controls. Evidence suggests the influence of decreased cellular ONOO − content on NF-κB pathway activation in macrophages from combined PON2-def/apoE − / − mice (B). IKK, inhibitor of NF-κB kinase; JNK, c-Jun N-terminal kinase.
evidence that the uncoupling of cytokine gene expression from elevated cellular oxidative stress may be mediated, in part, by reduced ONOO − levels, relative to the production of NO ( Figure 6 ). The significantly reduced content of ONOO − in macrophages from PON2-def/apoE − / − mice, despite elevated NO and O 2 − (superoxide anion) concentrations that normally react in a near-diffusion rate-limited manner to form ONOO − , further suggests that combined deficiency of both PON2 and apoE may elicit selective neutralization of ONOO − . The extent to which ONOO − promotes NF-κB pathway activation and the mechanism by which ONOO − levels are reduced remains unclear.
Impaired intracellular insulin signal transduction is considered a major component of insulin resistance and pro-inflammatory cytokines are shown to have a detrimental impact on insulin signalling in peripheral tissues. Despite the evident relationship between pro-inflammatory cytokine production and impaired insulin signalling observed in the present study, the key factor(s) secreted by activated macrophages from PON2-def mice that affect this process have yet to be identified. Therefore the contribution and extent to which the altered pro-inflammatory cytokine response is influencing insulin signalling in PON2-def mice is unclear. For instance, insulin resistance directly associated with iNOS induction is mediated by protein S-nitrosylation, rather than a phosphorylation-dependent inactivation pathway [28, 29] . Although we have not assessed S-nitrosylation of insulin signalling intermediates, we have observed differential Ser 307 phosphorylation of liver IRS-1, a major mechanism of insulin resistance, which is predominantly activated by exposure to proinflammatory cytokines such as TNFα [9] . Ongoing work in our laboratory is focused on exploring the physiological association of PON2 and apoE, and the direct implication of the modulation of NO on the inflammatory response in activated macrophages from PON2-def mice and on insulin signalling in PON2-def mice.
The divergence in hepatic insulin signalling exhibited in the present study is intriguing given that numerous pathogenic traits shared by PON2-def mice on both genetic backgrounds are closely associated with atherosclerosis and insulin resistance. The present study strengthens the antioxidant capacity ascribed previously to PON2 and supports a model in which the increased atherosclerosis in PON2-def mice can be attributed to oxidative damage. However the present work further suggests that NF-κB-mediated pro-inflammatory cytokine production does not play an essential role in atherogenesis, but rather in modulating insulin sensitivity in PON2-def mice. That is, increased production of ROS is a common denominator in the development of both insulin resistance and atherosclerosis in PON2-def mice, but the influence that PON2 has on the macrophage pro-inflammatory response only appears to have an impact on insulin signalling. Although improved hepatic insulin signalling may be unique to a physiological interaction involving PON2 and apoE, the present study serves to highlight the prominent role of PON2 in modulating the macrophage activation state.
Targeted disruption of hepatic IRS-1 function and abnormal ITT results imply a role for PON2 in systemic insulin sensitivity; however, hyperinsulinaemic clamp studies are required to effectively evaluate the prospective influence of PON2 deficiency on peripheral glucose tolerance. The lack of effect on starving serum insulin and glucose levels demonstrate that the atherosclerosis-susceptible PON2-def mouse models used in the present study do not develop overt insulin resistance. PON2 has been described previously as a stress-activated enzyme [30] , and the impact of PON2 deficiency on the inflammatory response and hepatic insulin signalling observed in the present study are all in response to stress stimuli (e.g. bolus insulin injection). Assessment of PON2 deficiency in a mouse model of insulin resistance is a current focus of research in our laboratory.
In summary, we present evidence that increased atherosclerosis susceptibility of PON2-def mice is further associated with impaired hepatic insulin signalling, supporting a number of epidemiological studies previously associating PON2 polymorphisms with diabetic complications. We show that despite numerous attributes shared with PON2-def mice, including increased atherosclerotic lesion development, systemic oxidative stress, diet-influenced dyslipidaemia and mitochondrial dysfunction, PON2-def/apoE − / − mice exhibit improved hepatic insulin signalling, relative to apoE − / − control littermates. Dysregulated inflammation is a well-characterized complication associated with impaired glucose tolerance, and we provide evidence that factors secreted by activated macrophages from PON2-def are capable of altering insulin signalling consistent with that observed in vivo. Overall, the present study provides insight into the mechanistic aetiology of insulin resistance, as it relates to atherosclerosis, and extends our understanding of the vital physiological function that is played by PON2 in both of these metabolic diseases. Plates were subsequently blocked in 5 % milk (PBS) for 2 h (0.2 ml), primary antibody (1:700 dilution of the anti-nitrotyrosine antibody; Millipore) was added for 2 h in a 0.1 ml volume, and an HRP (horseradish peroxidase)-conjugated secondary antibody (1:4000 dilution) was added for an additional 1 h. Tetramethylbenzidine substrate was added and the absorbance values at 450 nm were determined.
